Abstract. The present paper describes an optimization strategy, to be adopted at the wind park control level, especially for those with large power output, that allow to define the commitment of the wind turbines and their active and reactive set points following requests from the wind park dispatch centers, assuming that individual wind turbines short term wind power forecasts are known and are expressed as power availability. This approach was also developed with a concern on the minimization of the connection / disconnection of the individual wind generators, for a given time horizon, and takes also into account restrictions in the limits for reactive power generated at the wind turbines.
Introduction
A hierarchical monitoring and control approach is being developed and adopted in several systems to deal with the needs imposed by the large increase of wind power penetration in power systems. This control approach requires the control of the wind parks output power (active and reactive) trough a decentralized dispatch center architecture, where orders are issued from a central dispatch that has the global vision of the system. Under this scenario, wind generators are expected to be able to control their active and reactive power outputs. Double fed induction wind generators (DFIG) controlled by static converters and variable speed synchronous generators with full electronic grid interface are presently already capable of assuring such individual control capabilities [3] .
Regarding DFIG, a great variety of control strategies can be used in the operation of these machines as it can be seen from [4, 5, 6 and 7] . In these works, strategies to control active and reactive power wind park outputs also were proposed. In these researches wind park control models are built-up with a hierarchical modular structure: a central wind park controller sends out reference signals to each local wind turbine controller. Among these works, reference [7] describes an optimization strategy to be adopted at a supervisory wind park control level with the objective of assuring that wind park active and reactive power outputs attend the requests defined by system operators. However it considers wind velocity constant and equal for all the wind turbines and does not considers wind power forecasting errors. In [8] a dispatch module for a wind park is described, assuming however that wind generator's dispatch is performed as a proportional division of operator's request through all the wind turbines.
Wind power forecast needs to be taken into account in the formulation of the optimization strategy. A methodology for short-term wind power forecasts is described in [9] . This approach includes the evaluation of confidence intervals with a confidence level.
The present paper describes an optimization strategy, to be adopted at the wind park control level that allows to define the commitment of the wind turbines and their active and reactive set points following requests from the wind park dispatch centers, assuming that individual wind turbines short term power forecasts are known and are expressed as power availability according to [9] .
The optimization formulation
The optimization problem of the wind park management can be solved in a similar way as the one used to manage conventional generation in a power system, through the solution of two interrelated optimization problems. A Unit Commitment problem is solved first, in order to determine the turbines schedule, and the technical dispatch output is performed to determine set points to each turbine in a second step.
For the wind park case, we can assume that The Unit Commitment problem can be solved through a mixed integer problem [10] , as formulated bellow.
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where, are respectively the maximum available active power limit of generator j at interval ith, as result of the approach shown in [9] , and the minimum active power for each generator j at ith interval, resulting from the minimum technical generation limit of the each turbine.
i d P is the active power required by the grid operator at the connection bus at i interval. As the power forecast is based in the approach described in [9] , that implies in assuming a confidence interval defined by the operator for each unit commitment. Equations (2) and (3) represent the feasibility conditions and equations (4) to (7) represent the operational restrictions assigned to the startup and shutdown for each wind turbine. Losses are considered at this stage as approximations, represented by Loss P in equations (2) and (3), assuming a radial wind park configuration.
The Unit Commitment problem can become unfeasible if the sum of the active power requested by the operator plus the wind park internal losses is greater than the total available wind power or if the sum of the operator request plus the wind park internal losses is lower than the minimum technical limit of one generator. This kind of infeasibility needs to be checked before starting the problem solution.
The wind park dispatch is obtained through the solution of a NLP sub-problem, considering the operational constrains and the minimization of the mismatch between the total wind park generation output (active and reactive) and wind park dispatch center requests. The main difference of the NLP approach presented in this work from the one presented in [7] is that the characteristics of the wind turbine operation are considered into this formulation. Wind turbine reactive power limits are supposed to follow a linear relation with the active power generated as [12] . Other terms can be added to the objective function to model different strategies [7] .
The non-linear optimization sub-problem is formulated for each period i as:
where equations (9) and (10) Limits are imposed in equations (11) and (12) The NLP sub-problem is solved using the predictorcorrector version of the Primal-Dual Non-Linear Interior Points Method, as described in [13] . 
Results
Results are presented next to illustrate the capabilities of this approach, using a small wind park with 10 turbines (660 kW nominal capacity) and 21 lines forming two feeders connected to the grid interconnection bus, as shown in figure (1) . For each wind generator the reactive power limits are considered as ± 40% of active power generated. Voltage limits (V) are assumed to be within the range 0.9-1.1 p.u. No capacitor device was considered for this case.
Considering the approach described in [9] , the procedure was tested using 4 time intervals of 15 minutes each. In Table I , maximum estimated generation powers and minimum technical limits for each wind turbine (P max and P min ) are shown. Estimated generated powers at turbines numbers 22 (period 1), 18 (period 2), 16 (period 3), 12 and 22 (period 4) are zero because the forecasted wind speed is not enough to keep the machine in operation (cut-off zone).
In a first case, the active and reactive power System Operator requests are respectively 2MW and 0.6 MVAr for all periods. Table II shows the status of the wind turbines for each period. As it can be seen, turbines 16 and 22 are out of service for all periods and turbines 12 and 18 change their status, influenced by the generators in the cut-off zone. The status of the turbines with generation levels under their minimum technical limits was set to zero in the unit commitment step using a large value for Results from the dispatch for each period are shown in Table III . Turbines 16 and 22 are not shown because they were not committed. As it can be seen, the active power generated is distributed among all the turbines, and the reactive power produced in generators also maintains the pre-established relation. Table IV shows the module and angle of the voltages in all the buses of the wind park. Voltage at bus 1 was fixed at 1 p.u., and it can be observed that the internal reactive power production increases the voltage at wind turbines buses. Buses 16 and 22 are not shown because they are not used in all the intervals. Table V and the wind power forecasted shown in Table I . In a first case, the coefficients In a second case, for the active power available shown in Table I , the coefficients for the situations where the forecasted wind speed is not enough to keep the machines producing (cut-off zone) which requires using large values (1000) for these coefficients, as in the previous case. Table VIII shows the unit commitment for this case. As can it can be seen, the main differences of this solution from the previous one consists in switching on turbines 4, 6 and 10 in period 1 and switch on turbines 6 and 10 in period 2 and 3. Turbine 12 remains disconnected for all periods, while in the previous solution was connected at periods 1, 2 and 3.
As expected, in the periods where the forecasted wind speed is such that the turbines are in the cut-off zone, the generators are not committed showing the effectiveness of the proposed algorithm.
Active and reactive power dispatches for all wind turbines can be seen at Table IX . When comparing these results with the previous ones, one can be see that the active and reactive powers are more distributed. This fact can be used to improve the control of the wind power output, reducing the dependence of wind park output from the wind power intermittency. Table X shows MW and 4 MVAr are tested considering the available power forecasting presented in Table I for period 1. As the operator request is greater than the maximum capability of wind park at this period, wind park output can not follow the operator request.
In these cases, active and reactive power output is reduced, considering the internal wind park active and reactive power losses. For both operator requests the wind power output are reduced to 4.95 MW and 1.50 MVAr. Since the full active power available is dispatched in the two cases, although the parameterization of active and reactive power is independent, the linear relation between active/reactive powers generated imposes this result. 
Conclusions
In this paper, an optimization strategy was developed to provide the commitment of wind turbines in a wind park, as well as to identify the active and reactive power set points that result from a local dispatch, applying concepts from classical unit commitment and dispatch and taking into account the characteristics of the turbines and generation limits obtained from wind power forecasts.
This strategy allows wind parks to follow requests from a System Operator or from a wind park dispatch center, regarding active/reactive power to be generated. Such functionality allows wind park generation to become quite flexible allowing their participation in electricity markets and their response to System Operator requests when a network restriction demands the reduction of generation in a geographical area.
